Abstract: The folding of predominantly β-sheet proteins is complicated by the presence of a large number of non-local interactions in their native states, which increase the ruggedness of their folding energy landscapes. However, forming non-local contacts early in folding or even in the unfolded state can smooth the energy landscape and facilitate productive folding. We report that several sequence regions of a β-barrel protein, cellular retinoic acid-binding protein 1 (CRABP1), populate native-like secondary structure to a significant extent in the denatured state in 8 M urea. In addition, we provide evidence for both local and non-local interactions in the denatured state of CRABP1. NMR chemical shift perturbations (CSPs) under denaturing conditions upon substitution of single residues by mutation support the presence of several non-local interactions in topologically key sites, arguing that the denatured state is conformationally restricted and contains topological information for the native fold. Among the most striking non-local interactions are those between the N-and C-terminal regions, which are involved in closure of the native β-barrel. In addition, CSPs support the presence of two features in the denatured state: a major hydrophobic cluster involving residues from various parts of the sequence and a native-like interaction similar to one identified in previous studies as forming early in folding (Budyak et al., Structure 21, 476 [2013]). Taken together, our data support a model in which transient structures involving nonlocal interactions prime early folding interactions in CRABP1, determine its barrel topology, and may protect this predominantly β-sheet protein against aggregation.
Introduction
Understanding the unfolded state ensemble is important to gain insight into the mechanism of protein folding, as well as the basis of protein stability and the pathways of misfolding and aggregation. 1, 2 The unfolded state of a protein comprises an ensemble of heterogeneous, solvated, and poorly packed conformations, making it intractable to many biophysical techniques. 3 Moreover, the unfolded state is sparsely populated under conditions where the protein is stably folded and as a consequence cannot readily be observed by most biophysical techniques unless its population is augmented in some way, most often by the addition of denaturants such as urea, guanidine hydrochloride, low pH, high temperature, or high pressure. 4 A number of studies support a model in which the unfolded chain undergoes a rapid collapse 2, 5, 6 when denaturing factors are removed and native conditions re-established, although this model is still debated. [5] [6] [7] [8] In the case of a β-sheet-rich protein, collapse is proposed to be more critical to folding than in an α-helical protein, and its role is attributed to additional topological constraints. 9 Here, we specifically explore to what extent intrachain interactions are present in the unfolded state of a β-barrel protein and if so, how they relate to folding.
Studies of unfolded state ensembles under strongly denaturing conditions, the so-called denatured state ensembles (DSEs), provide insight into the structural and dynamic properties of proteins that lack stable structure. 10, 11 However, many of these studies rely on attachment of large fluorophores or spin label groups to the protein, which might potentially perturb the DSE. Therefore, we have used NMR to deduce residual structure present in the DSE. We used two main approaches: First, we examined the content of local secondary structure in the DSE based on NMR backbone chemical shifts. Second, we monitored chemical shift perturbations (CSPs) caused by 13 different point mutations introduced at strategically chosen sites that report on shifts in population of states important to early folding events. This method was used effectively by the Poulsen group to deduce the presence of intrachain interactions in the DSE of acyl coenzyme A binding protein. 12 Furthermore, we developed a method to interpret the observed CSPs using principal component analysis. We have characterized the DSE of cellular retinoic acid-binding protein 1, or CRABP1 [ Fig. 1(A) ], which is a 136-residue β-barrel protein with up-down anti-parallel architecture, under strongly denaturing conditions (8 M urea) . Previous work in our laboratory showed that the fastest observed phase in the folding of CRABP1 (< 3 ms) was characterized by the formation of a hydrophobically collapsed state. 13 In the present work, we sought to determine whether this state is populated to any extent in the DSE of CRABP1. Our results are consistent with the presence of significant secondary structure as well as both local and non-local transient interactions in the DSE of this β-rich protein. In addition, our data argue that the DSE of CRABP1 contains one major hydrophobic cluster similar to that of the native state. The resulting picture of the DSE for this β-barrel protein supports roles for specific collapse and association of secondary structures for a productive folding outcome.
Results
Significant secondary structure is transiently populated in the CRABP1 DSE
We assigned 121 of 136 residues of CRABP1 in 8 M urea at pH 7.0 and subjected the regions are T6-S11, D66-G70, R82-T86, G102-T107,  and T121-D125, and PPII propensities were observed  in regions V31-A36, I43-G47, G68-E72, I93-T98 , and V127-Q131. In addition, some regions had high predictions for more than one secondary structure. For example, the region W7-S11 is calculated to populate both α-helix and extended β-structures, and the G68-G70 region is calculated to populate both PPII and extended β-structures. These results suggest that the same region of sequence may sample multiple conformations in the DSE. Taken together, we conclude that the DSE of CRABP1 is not a random coil ensemble, but instead contains 15-30% of transient secondary structure.
How does the residual structure in the CRABP1 DSE relate to the secondary structure of its native state? As a point of reference, we performed a δ2D analysis on the NMR chemical shifts of native CRABP1 at pH 8.0 (BMRB no. 19271) [ Fig. 1(C) ].
(Note: The one unit pH change from our DSE analysis does not appreciably alter the secondary structure content of the protein. 15 ) The region corresponding to D16-A20, which populates helical structure in the denatured state, coincides closely with Helix 1 of the native state structure. Several regions such as I43-G47, G68-E72, I93-T98, and V127-Q131, which δ2D analysis populate PPII in the DSE, coincide with β-strands and turns of the native state. The A26-A36 region is helical (Helix 2) in the native state but PPII structure is calculated from residue V31 to A36 in the DSE based on the chemical shifts. Our previous studies suggest that Helix 2 is more flexible and less stable than Helix 1, 16 which is consistent with a lower helix population in the DSE. To look for possible longer range transient interactions, we mapped the δ2D predicted secondary structural propensities onto the three-dimensional structure of native CRABP1 (pdb id: 1cbr) [ Fig. 1(D) ]. Interestingly, several regions that were calculated to populate helical, PPII, or extended β-structures in the DSE are juxtaposed to each other through space in the native structure. These paired regions, such as D16-A20/V31-A36, R82-T86/I93-T98, and T121-D125/V127-Q131, may participate in transient through-space non-local native-like contacts in the DSE. Because of the small fraction of the total population that samples secondary structures, the fraction of molecules in which transient long-range contacts occur is likely to be very small.
Evidence for transient long-range contacts in the CRABP1 DSE
To further explore whether the DSE of CRABP1 contains transient local and non-local interactions, we used NMR chemical shifts to explore the perturbation effects caused by single point mutations in the DSE. We generated 13 single site mutants (W7Y, M9A, F15A, L18A, L22A, R29A, I43A, V67A, F71A, V76A, L100A, L118V, and Y133S). The sites of mutations are widely distributed across the protein sequence and occur in the regions that populate significant secondary structures in the DSE according to δ2D analysis. Moreover, the mutations were designed to alter a particular side chain so that the effect on backbone amide proton and nitrogen chemical shifts, both local and non-local, could be assessed. More detail on the approach is provided in the Material and Methods section, as well as a description of a random coil control used to assess the significance of the CSPs.
CSPs in mutant versions of CRABP1 may arise from changes in the environment of residues that are in spatial proximity to the mutated residue and/or shifts in the distribution of conformers in the denatured state caused by the given mutation. Three different scenarios are shown in Figure 2: (1) if the mutated residue is not involved in long-range interactions in the DSE, the mutation will only cause local effects [i.e., residues within 5 of the site of the Figure 1 . Estimate of secondary structure content in the denatured state ensemble of CRABP1. (A) Native structure of CRABP1 with annotated secondary structures (shown on the structure of holo-CRABP1, PDB ID 1CBR, with ligand omitted; the structure was visualized using Chimera). In the structure, helices are designated as α1 and α2, and Turns II, III, and IV are designated as TII, TIII, and TIV, respectively. Strands are designated as Si, where 'i' represents strand numbers 1-10; C and N represent the C and N termini of the protein, respectively. Secondary structure estimate for the DSE (B) and the native state (C) carried out using the δ2D method. 14 N chemical shifts were used in δ2D method. (D) Estimated secondary structure content present in the DSE is mapped onto the native structure of CRABP1, and residues chosen for mutation are labeled and shown in ball and stick (see text). The color code for helix, PPII helix, and β-structure is blue, green, and red, respectively, throughout the figure. Examination of the CSP data for all mutants (Fig. 3) showed behaviors that can be correlated with one or a combination of these scenarios. For example, CSPs for the L18A and V76A CRABPI mutants are small throughout most of the sequence, with larger CSPs at a few sites (regions) [ Fig. 3(A) ]. We conclude that CSPs seen at sequence sites non-adjacent to the mutation site on a background of small CSPs overall are indicators of through-space interactions present in the DSE. By contrast, the L100A mutant shows widespread CSPs that are larger in magnitude, arguing that this mutation significantly perturbs the DSE conformational distribution [ Fig. 3(C) ]. Further, among these perturbed residues, the only ones selected for analysis were those that had at least one of their adjacent neighbors perturbed. We made an assumption that if a particular residue is perturbed strongly enough, at least one of the residues adjacent to it will also be perturbed (orange bars in Fig. 3 and S1). In addition, different mutations affected differing numbers of residues (Fig. S2) ; we took the perturbation of a large number of residues (> 40) to be indicative of alterations of the conformational distribution. Others have reported similar widespread perturbations from single residue substitutions. 17 Using this approach, we grouped CSPs for mutants: those causing small or no perturbation of the conformational ensemble, L18A and V76A [ Fig. 3(A) ]; those only In all panels, green circles represent unperturbed residues, blue circles indicate the site of mutation, light blue circles represent the locally perturbed residues, pink circles represent non-local perturbed residues without global conformational change of DSE, and red circles indicate non-local perturbed residues caused by global conformational change of DSE. The real data generally reflects the combination of one or more scenarios.
modestly perturbing the conformational ensemble, W7Y, M9A, F15A, L22A, I43A, F71A, V67A, L118V, and Y133S [ Fig. 3(B) , S1]; and those that are strongly perturbing, R29A, and L100A [ Fig. 3(C) ]. Among the mutants showing weak to modest perturbations across the sequence is a group that showed significant perturbations locally but up to seven residues from the site of mutation. This group includes F15A, L18A, and L22A. The pattern of CSPs, which shows a helical periodicity, adds to the results from secondary structure correlations [ Fig. 1 (B) and (C)] and leads to the conclusion that the F15-L22 segment takes up significant helical secondary structure in the DSE. In addition, we observed perturbation in the region from N25 to V31, which corresponds to Helix 2 of the native structure, when mutations were made in native Helix 1. This result supports interaction between the two partially helical regions in the DSE, even though our data suggest that Helix 2 is only weakly populated. In fact, our chemical shift correlations suggest that F15-L22 adopts an α-helical structure while N25-V31 adopts PPII structure in the DSE. The observations from the DSE echo previous work on a 30-residue peptide comprising Helix 1, the intervening loop, and Helix 2 (based on the native state structure) in which a strong conformational propensity was found for this sequence to adopt native-like structure. Local side chain interactions in the segment between the helices, called a Schellman motif, were postulated to contribute to the conformational bias in this peptide. 18 Another fairly simple pattern of CSPs is seen for V76A [ Fig. 3(A) ] from the mildly perturbing group. For this mutant, five non-local residues show significant CSPs upon mutation of V76 to A, and these include A21 and L22 from the N-terminal portion of the protein and Q131, I132, and Y133 from the C-terminal region. These data suggest that V76 interacts with the Helix 1 region as well as the region around residue 130 in the DSE, which would bring the N-and C-terminal parts of the protein closer to each other. This interpretation aligned well with our earlier studies of short peptides corresponding to turns in CRABPI in buffer, which showed that Turn IV (which includes V76) samples native-like conformation in the DSE. 19 Furthermore, side-chainspecific interactions with this residue have been shown to form early in folding. 9 Based on these observations, we speculate that some of the early forming interactions are already present in the DSE. Overall, results for the V76A mutant suggest that the DSE exhibits native-like compact conformations. Mutants causing CSPs that suggested some modest perturbation of the DSE conformational ensemble showed 17-30 perturbations, which were widely distributed over the sequence. This group includes W7Y, M9A, F15A, L22A, I43A, F71A, V76A, L118V, and Y133S. The CSPs caused by this set of mutants were both local and non-local. We took two examples to show that these mutants exhibit different perturbation patterns even though they are very close in sequence. The first pair comprises W7Y [ Fig. 3(B) ] and M9A (Fig. S1 ), which are separated in sequence by only one residue. The CSP data show that the perturbation patterns from W7Y and M9A differed from each other mainly in the C-terminal region. Similar patterns were observed for mutants F15A and L22A (Fig. S1 ). Both residues F15 and L22 exhibited helical secondary structure propensities based on δ2D analysis; however, their perturbation patterns differed strongly in the C-terminal region. Overall, we conclude that the patterns of perturbations in these cases most likely arise from a combination of local and non-local interactions.
The strongly perturbing mutants R29A and L100A appear to cause conformational re-distribution of the DSE. In the case of R29A, large perturbations may be caused by removal of a positively charged side chain, leading to significant change in electrostatic field. In the case of L100A, we conclude that the widespread CSPs arise from the disruption of a hydrophobic cluster in which L100 plays a key role. We hypothesize that L100 is in the core of a hydrophobic cluster that stabilizes both native and non-native interactions in the DSE (see below).
To test the putative non-local perturbations, we looked for reciprocal perturbations. In other words, if mutating residue x perturbs residue y, mutating residue y should perturb residue x. Such reciprocal perturbations would make a compelling case for the presence of non-local interactions. Out of 78 theoretically possible reciprocal perturbation pairs, we only observed 10 (Fig. 4) . Out of those 10 pairs, two pairs -namely, F15A-L18A and L18A-L22A -were a result of local sequence effects as they were within five residues of the mutation site. The remaining eight pairs that showed reciprocal non-local perturbations were further grouped based on the sequence separation within the pairs. Pairs with a sequence separation of 25 or fewer residues included mutants W7Y-R29A, F15A-L22A, F15A-R29A, and L22A-R29A, and these pairs were mainly localized in the N-terminal region. These pairs were dominated by F15A or R29A. Both of these residues exhibit strong effects upon mutation due to removal of ring current or positively charged side-chains. However, their partners, such as L22A, or W7Y, which are expected to be associated with milder chemical shift effects, showed reciprocal perturbation suggesting that these residues are interacting in the DSE. Had this effect been a result of only sequence effects, we would not have expected to observe reciprocal perturbations. The latter group includes pairs L22A-V67A, V76A-Y133S, F15A-L100A, and W7Y-Y133S with sequence separations of 40 or more residues. These separations are 45, 57, 85, and 126 residues. Among these pairs, W7Y-Y133S drew our attention because this pair reports on a potential interaction separated by 126 residues-the longest pairwise interaction observed in the DSE, and this pair reports on a hallmark feature of barrel closure, which has been observed in early folding events of CRABP1. 9 To further test whether N-and C-terminal regions are interacting in the DSE, we examined a CRABP1 mutant in which the last three residues, V134, R135, and E136, are deleted from the wild type sequence. The resulting mutant, referred to as del3 CRABP1, was first designed to be a mimic of a folding intermediate of intestinal fatty-acid-binding protein that is stable under physiological conditions. 20 As expected, in our CSP study (Fig. S1, panel del3) we observed perturbations in the C-terminal region due to local and electrostatic effects. Interestingly, we also observed perturbations in the N-terminal regions K10-S12 and L19-G23. Results for this mutant support our conclusion that transient interactions between the N-and C-terminal regions are occurring in the DSE. The remaining pairs in the "reciprocal interaction with long sequence separation" group were equally intriguing, namely L22A-V67A and F15A-L100A. For both of these pairs, one of the partners (F15 or L22) belongs to the region that populates helical secondary structure in the DSE based on δ2D analysis and CSPs. The other partners in these two pairs (L100A and V67A) are separated by more than 40 residues, suggesting that the helical region may be involved in non-local interactions with residues present in the region surrounding V67 and L100. The reciprocal CSPs are consistent with our interpretation that the DSE includes compact conformations.
Principal component analysis points to a potential network of non-local interactions and supports hydrophobic collapse in the DSE of CRAPB1
Our interpretations are all based on a combination of inspection of features in the native structure of CRABP1 and direct correlations with structural indicators (like δ2D and reciprocal CSPs). As a next step, we wanted to analyze our data in a way that is unbiased by subjective interpretation and to see whether there are emergent patterns in the CSPs for the many mutant proteins. To extract these patterns, we utilized principal component analysis (PCA). PCA provides an unbiased global analysis of the CSP data and should reveal patterns that are not apparent through direct inspection. We used proton CSPs for this analysis due to the sensitivity of proton nuclei to their environment. Our PCA analysis revealed a dominant principal component (PC) that accounts for 80.4% of the total variance (Fig. 5, inset) and a second component, which contributes ca. 10% of the total variance. Figure 5 shows representations of the CSP data on the first and second principal components and contributions of each mutant to these components. The contributions of each mutant (all residues mutated to Ala) toward the first principal component leads to: Group 1 mutants, which include residues F15, L18, L22, and V76; Group 2 mutants, which include residues F71, R29, and W7; and Group 3 mutants, which include the remaining residues M9, I43, V67, L100, L118, and Y133. We found that the above classification is remarkably consistent with our previous analysis. Namely, residues F15, L18, and L22 were grouped together. These residues are close in sequence space, and from our secondary structure propensity and CSP results, we have concluded that these residues exhibit local secondary structure and transiently populate α-helix. It is plausible that due to similar microenvironments, these residues exhibit similar perturbations. Therefore, residues from Group 1 validated the use of PCA in this case. The other member of Group 1, V76, was an interesting entrant as we proposed earlier that V76 interacts with the helical regions and the PCA is consistent with this proposal. The current analysis uses intensity and pattern of perturbations, thus providing a superior way of analyzing chemical shifts. It is important to note here that V76 (in Turn IV) interacts with L22 of Helix 1 in the native state. This raises the intriguing question: whether topology-determining interactions are present in the denatured state. The F15-L22 and V76 groupings suggest that a minor population of the DSE is compact and exhibits transient native-like interactions, consistent with our interpretation of the data supporting N-to Cterminal region interactions (as described earlier).
In some cases, such as residues in Group 2 that have negligible contributions toward the first component, these residues do not share any correlated perturbations with any other residues. Mutants such as W7, R29, and F71 include either aromatic or charged residues and thus can cause significant CSPs from ring current or electrostatic influences. Their CSPs are therefore difficult to interpret and may not reflect conformational effects.
Mutants from Group 3 include residues M9, I43, V67, L100, L118, and Y133. Interestingly, most of the mutants in this group are hydrophobic in nature and are widely spaced across the sequence. From our CSP analysis, we postulated that L100 is a lynchpin of a hydrophobic cluster. Our PCA analysis supports this postulate, as L100A is one of the major contributors to the first principal component. Therefore, we propose that Group 3 residues make up a hydrophobic cluster in the DSE and that L100 is present in the core. Collectively, the PCA revealed two features of the DSE that were not evident from other analyses: a native-like interaction between regions that make up Helix 1 and Turn IV in the native state, and a hydrophobic cluster in the denatured state, which comprises residues from various regions of the protein.
Discussion
The native state of CRABP1 has a β-barrel topology with a small helix-turn-helix segment. There are many long-range contacts in this fold, as the up-down structure of the barrel encapsulates a ligand-binding cavity. Previous work showed the presence of a cavity in an intermediate formed in a 100 ms kinetic phase. 13 Data suggested that even earlier the protein was hydrophobically collapsed with significant helical structure in the region that corresponds to Helix 1 in the native state. 13, 21 While stable hydrogen bonding in the β-strands of CRABP1 formed only in the last (1 s) kinetic phase, it was not clear when the topology-determining non-local contacts formed. In the present work we present evidence that both transient secondary structure and non-local inter-residue contacts indicative of partial collapse are populated in the DSE of CRABP1. Moreover, we observed that the DSE of CRABP1 is populated with helices, strands, and PPII helices in positions that largely coincide with secondary structure in the native state [ Fig. 1 (B) and (C)]. Importantly, our observations suggest that the DSE of β-rich regions are not devoid of local structures as opposed to what was proposed earlier. 22 CSPs induced by mutations revealed that the CRABP1 DSE also exhibited non-local interactions (Fig. 3) . Most of these were localized in the N and C-terminal regions of the protein -between Strands 1, 1 0 and Strands 9 and 10; Helix 1 and Helix 2; Helix 1 and Strand 9; and Turn IV and Helix 1. Native-like non-local interactions were also observed between Strands 2 and 3; Strands 1 and 2; Turn III and Strand 6; Turn III and Strand 3; and Strands 5 and 6. Therefore, not only were the native secondary structures sampled in the DSE but also native-like long-range interactions were transiently present. It is important to assess whether these arise from the probability of interaction of any two regions of the protein in a random coil. A control with an artificially generated random coil conformation showed that no more than three residues would be perturbed upon introduction of the mutations we tested (Fig. S3) and thus supports the validity of our conclusions about non-native long-range interactions.
Barrel closure, which involves hydrogen bonding of the first strand to the last strand, is a required and entropically challenging step in the folding of a β-barrel protein. 23 In the case of CRABP1, barrel closure is accompanied by hydrogen bonding between Strands 1, 1 0 , and 10. Our previous studies suggest that barrel closure sequesters aggregation-prone regions in CRABP1, and that barrel closure (albeit with only metastable hydrogen bonds) occurs at early stages of folding. 9 In the current study, secondary structure analysis of the DSE showed that β-structures and PPII are transiently populated by Strands 1 and 10 of the native state, respectively [ Fig. 1(B) ], and analysis of CSPs observed upon mutation point to native-like long-range interactions in the DSE in regions corresponding to Strands 1, 1 0 , 9, and 10 of the native state (Fig. 3) . Thus, our studies suggest that the β-barrel is transiently closed in the DSE of CRAPB1 and that the ensemble is protected from the aggregation landscape as early as in the unfolded state.
We propose that CRABP1 samples a collapsed state in the DSE and that this collapsed state may constrain the folding ensemble and thus favor productive folding. According to the PCA analysis of CRABP1, there are two populations of correlated transient contacts (Fig. 5) . The native-like group comprises residues from Helix 1 and Turn IV of the native structure and the second group constitutes a major hydrophobic cluster predominantly comprised of residues from the omega loop, Turn III and Strands 1 0 , 2, and 10. The former group of the DSE resembles the minor hydrophobic core of the native state in many ways-it is populated by helical structure and residue V76 interacts hydrophobically with region D16-L22 in the DSE. The hydrophobic cluster comprises residues M9, I43, V67, L100, L118, and Y133, which interestingly spans the sequence (Fig. 5) . A contact-map of the DSE made from CSP data for 13 mutations is shown in Figure 6 . Many of these mutants show perturbations in similar residues resulting in a high contact order network. The transient formation of helices and strands in the CRABP1 DSE reduces the randomness of its DSE. The correlation of many of the interactions transiently populated in the CRABP1 DSE with features of its early folding intermediates leads us to propose that the folding information that governs the topology of CRABP1 is expressed in its DSE. It is tempting to speculate that β-rich proteins require a highly networked, topologically defined denatured state for productive folding and avoidance of competing aggregation reactions, since exposure of strands would lead to high vulnerability to intermolecular interactions. Clearly, further case studies of other β-rich proteins are required to generalize our findings.
The findings we report here add to a growing body of work on DSEs of proteins, in particular those in high denaturant, that taken together argues for the generality of our findings. The DSEs of proteins at high concentrations of denaturant are generally expanded as indicated by either radius of gyration (Rg) 7 or the radius of hydration (Rh). 24 Nonetheless, many studies have demonstrated the presence of residual structure in DSEs at high concentrations of denaturant, [25] [26] [27] and it has been shown that secondary structures can persist in the DSEs at high concentration of denaturant. [28] [29] [30] For many proteins the observed residual structure is native-like or near native-like, [29] [30] [31] [32] and it has been suggested that these native-like residual structures present in the DSE can facilitate protein folding. 22 This is also supported by our current study since the native-like structure involving W7-Y133 in DSE has been observed in early folding of CRABP1. 9 In addition, long-range contacts such as those indicated for CRABP1 have been reported in several studies using different experimental approaches. 11, 17, 28 It is interesting to note that hydrophobic clusters containing Ile, Leu, and Val can serve as a significant driving force in early folding as pointed out for the TIM barrel and other (β/α) n classes of proteins. 33 In CRABP1, two out of the three groups of hydrophobic clusters from PCA analysis are dominated by Ile, Leu, or Val. Group 1 has four residues including two Leu's and one Val; Group 3 has six residues including one Ile, one Val, and two Leu's. Indeed, Ile, Leu, and Val may play a key role in the DSE of CRAPBP1 by leading to hydrophobic contacts/clusters.
Materials and Methods

Protein purification
We used a mutant of murine CRABP1 (called WT*), which has an N-terminal (10 His)-tag and a stabilizing R131Q mutation, 34 as a template for mutagenesis. The folding of this mutant has been extensively studied in our lab. 9, 13, 15, 16, 18, 19, 21, [34] [35] [36] Single-site mutations were incorporated by sitedirected mutagenesis using a QuikChange protocol (Stratagene) and confirmed by DNA sequencing. 35 The WT* and mutant proteins were isotopically labeled and expressed in Escherichia coli strain BL21 (DE3) (Novagen) in M9 minimal media with 13 C-Dglucose (Cambridge Isotope) and 15 N-NH 4 Cl (Cambridge Isotope).
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Protein expression was induced with 0.4 mM IPTG, and the cells were allowed to grow for 4 h at 37 C. Mutants W7Y, F15A, L18A, L22A, R29A, V76A, and L100 V were purified from soluble fractions upon cell lysis by Ni-NTA (QIAGEN) affinity chromatography. The other mutants (M9A, I43A, V67A, F71A, L100A, L118V, and Y133S) were purified from the insoluble fraction. Inclusion bodies were washed with 50 mM sodium phosphate buffer containing and 300 mM NaCl, pH adjusted to 8.0) and suspended in the same buffer containing 8 M urea, followed by refolding by dialysis against the above buffer without urea for 16 h at 4 C, and purification using Ni-NTA (QIAGEN) affinity chromatography. Protein concentration was determined using a molar extinction coefficient of ε 280 = 20,970 M −1 cm −1 . and N, were used in our CSP analysis because they are sensitive to conformational perturbations that alter the inductive effect, H-bonding, and/or backbone dihedral angles upon side-chain replacement. 41, 42 Perturbations within AE5 residues of the site of mutation were considered local, and those arising from residues outside this window were deemed to be nonlocal. 12 To test whether the observed interactions are a result of random sampling in the DSE, we generated CSPs for randomly generated conformations of CRABP1 and its mutants using Flexible Meccano. 43 We used SPARTA+ 44 to predict chemical shifts of the randomly generated conformations and further calculated CSPs as mentioned above (Fig. S3) . No more than three residues from the site of mutations showed perturbations suggesting that any long-range interactions reflected in CSPs are not a result of random sampling but rather reflect the ensemble of conformational states populated in the DSE.
NMR of CRABP1 mutants
Principal component analysis
The proton CSP data were used to perform principal component analysis. The data were incorporated into a 136 × 13 matrix Y in which the rows (136) are the chemical shifts of the sequence, and the columns (13) are the point mutation mutants of CRABP1. Y was used for single value decomposition to obtain three matrices U, E, and V such that Y=UEV T ; where U (136 × 13) corresponds to representations of CSP on principal components, the diagonal of E (13 × 13) gives principal components, and V (13 × 13) gives coefficients of principal components. 45 
